Abstract
Introduction

39
Fungi and fungus-like organisms inhabiting roots play a key role in forest ecosystems 40
and constitute an essential part of forest biodiversity. Together with the soil and 41 rhizosphere organisms they represent a significant biological potential. They form 42 associations with plants that are beneficial, pathogenic or neutral. They have a 43 significant impact on plant health, growth and productivity (Peace, 1962; Wilcox, 1983 ; 44 Mańka, 1998; Sinclair et al., 1987) . Information on density, diversity and functioning of fungal communities in tree 57 roots still remains limited. Greater understanding of the processes of fungal 58 establishment, survival, and relationships within communities, particularly in the early 59 stages of forest successions, is required and has implications for future forest practices 60 (Horton et al., 1999) . 61
Effective detection and classification are important prerequisites for studies on the 62 ecology and behaviour of microorganisms. Morphological species recognition (MSR) 63 (Taylor et al., 2000) , used in classical taxonomic classification, based on the 64 proportion of fungi detected could not be related to any known rDNA gene sequence. 99
This raises questions about fungal diversity on/in roots of other plants, about the 100 ecological implications of the occurrence and roles of novel taxa in specific ecological 101
niches. 102
This prompted a study on fungal communities from tree roots in which a classical 103 approach (isolation, culturing and identification of fungi by morphology) and a molecular 104 approach (isolation of total DNA from roots and amplification, cloning and sequencing of 105 ITS 1/2 rDNA) were both applied to limit the possibility of overlooking components of 106 fungal biodiversity. The objective was to demonstrate and compare biodiversities of the 107 mycobiota of tree roots using the two different methods. This was intended to increase 108 our understanding of (i) relationships between plants and the mycobiota, (ii) the type of 109 association involved, whether an active interaction resulting from nutritional preferences 110 or passive and accidental contact, and (iii) spatial heterogeneity of mycobiota. We 111 hypothesized that the two methods would identify two different community structures 112 from each root system but with many species overlapping. Sampling different tree 113 species of the same age and from one location was intended to eliminate the effects of 114 environmental differences and ensure similarity of habitat. Implications for the ecological 115 significance of the composition and diversity of the communities identified by each 116 method might then be obtained. Roots were shaken to remove loosely adhering soil, washed three times for 10 min in 142 sterile distilled water and dried on blotting paper. Fifty pieces of thin, suberized roots, 1 143 cm long and 2-5 mm in diameter, were cut off from five root complexes of each tree 144 species (10 pieces from each complex). Twenty-five pieces were used for DNA 145 extraction and another 25 for fungal isolation in culture. ) to stain the DNA. PCR products 161 were purified using the MinElute PCR purification kit (Qiagen, Crawley, UK) and cloned 162 into pGEM-T Easy (Promega Corporation Madison, WI, USA) following the 163 manufacturer's instructions. The rDNA amplicons from each tree species were used to 164 generate individual libraries. Inserts (100 for each library) were primarily selected in 165 blue/white screening on X-gal medium. For each insert a small amount of culture from a 166 transfected cell was added to 300 μl 10 mM Tris pH 8, boiled for 10 min and centrifuged. 167
Each insert was next amplified by PCR with primers ewfitsrev 1 (5' CTC CGC TTA TTG 168 ATA TGC TTA AAC) and ITS 5 using the protocol described above. The amplified ITS 169 1/2 rDNA region included 600-650 bp. Representative clones were selected in two 170 separate RFLP analyses of ITS 1/2 rDNA with CfoI and HaeIII restriction enzymes. for each OTU were queried against GenBank database using BLAST. Sequences with 203 most similarity were downloaded from GenBank (Table 1) Phylogenetic trees were constructed using the distance method NEIGHBOR using the 211 original data set and 1000 bootstrapped data sets generated by the program 212 SEQBOOT. Trees were displayed using TREEVIEW (Page, 1996) . their ln function (Magurran, 1988; Hill et al., 2003) . Three different indices were also 242 calculated for evenness and dominance: (i) Shannon's evenness index (E), which is the 243 ratio of Shannon's diversity index to the maximum possible value with the observed 244 number of species or OTUs, (ii) Simpson's index (D), which gives the probability that 245 two isolates or clones chosen at random will be from the same species or OTU, and (iii) 246
Berger-Parker's index (d), which is the relative abundance of the most abundant species 247 or OTU (Magurran, 1988; Hill et al., 2003) . The similarity between fungal communities 248 on roots of any two tree species was determined by calculating the qualitative 249
Sorensen's similarity index (C N ) from the number of co-occurring species or OTUs 250 (Magurran, 1988; McCaig et al., 1999) . 251 252
Results
254
1. Fungal identification by DNA cloning and sequencing
256
The total DNA was extracted from roots of B. pendula, F. sylvatica, L. decidua, P. 257 serotina and Q. petraea. The ITS 1/2 rDNA was amplified from the total DNA of each 258 tree species and cloned into pGEM-T Easy. One hundred clones from each library were 259 analysed by RFLP, separately with two restriction enzymes: first with HaeIII, then with 260
CfoI. 261
In five libraries (one for each tree species) there were 55 unique restriction 262 digestion patterns obtained with CfoI. The number of clones with unique restriction 263 digestion pattern in one library ranged from 1 to 84 (Table 1 ). The number of unique 264 restriction patterns with CfoI designated to one species ranged from 1 to 5. In total, 47 265 clones representing 31 unique and the most frequent restriction digestion patterns with 266
CfoI were sequenced. Between six (L. decidua) and 19 (F. sylvatica) clones per library 267 were sequenced. 268
The entire lengths of the 47 sequences were used as queries in BLAST searches 269 to find related sequences (Table 1) . A threshold of 97% similarity was used as an 270 approximation to differentiate closely similar sequences at the species level. This is 271 analogous to the practice used to distinguish bacterial species by their 16S rRNA 272 sequences. It has also been reported that the level of intraspecific variation in the 273
Basidiomycota commonly ranges from 0 to 3% (Zervakis et al., 2004). 274
Thirty sequences (64%) represented fungi with at least 97% similarity to database 275 entries from other, unrelated studies. Seventeen sequences were novel, with novelty 276 defined by the difference criterion of at least 3%. Twenty-two distinct taxa were detected 277 by cloning and sequencing (Table 2) . 278
Phylogenetic analysis was performed in order to insert the sequences into a 279 molecular taxonomic framework provided by the closest matches from the databases. 
(Basidiomycota). Protozoa with Polymyxa graminis and Oomycota with three different 288
Pythium species formed two separate sub-clades with very strong bootstrap support. 289
The Ascomycota and Basidiomycota comprised several novel sequences based on the 290 3% difference criterion. The number of fungal taxa detected ranged from 12 in L. decidua to 32 in F. sylvatica. 305
Most fungal isolates (86%) were identified at least to genus level. The most frequently 306 isolated fungi were members of Ascomycota (Penicillium spp., Phialocephala fortinii, 307
Pochonia bulbillosa, Sesquicillium candelabrum and Trichoderma spp.). 308
Fungal communities from different plant species had component fungi in common. 309
Twenty-four fungal species (51%) were recorded from a single tree species, six fungal 310 species from two tree species, and 11, four and two fungal species from three, four and 311 five tree species, respectively (Table 3) . 312 Tables 2, 3 ). The total number of taxa in the 317 combined data set was 69, of which most (85%) were identified at least to genus level. 318
There was no overlap between taxa identified by the two methods. 319
The relatively small number of fungal taxa identified by the molecular method and 320 the infrequent occurrence of most of them resulted in relatively small diversity indices 321 based on species richness (D Mg ) and the proportional abundance of species (H') ( Table  322 4). Species richness was less on roots of Q. petraea than on roots of other species. The 323 dominance of one taxon in these communities resulted in small values for Shannon's 324
evenness index (E) and high values for dominance indices (D and d). Most unevenness 325
occurred in the community from Q. petraea, which was dominated by Coprinus and had 326 the least diversity (Fig. 2) . There was most similarity in community structure between B. 327 pendula and L. decidua and least similarity between F. sylvatica and Q. petraea ( 
Discussion
341
Microbiota from roots of five species of 6-year-old forest trees were characterized by (i) 342 cloning of ITS 1/2 rDNA PCR products isolated from root-associated organisms and 343 sequencing of representative clones, and (ii) pure-culture isolation from individual root 344 pieces, which involved morphotyping and identification on the basis of morphology. 345
Similar numbers of clones and isolates were characterized by each method (approx. 346
per method). 347
The two methods detected 69 fungal species that were mostly root saprotrophs. 348
The number of taxa detected by the molecular method was 22 and by pure-culture 349 The total number of species recorded seems to relate to the age of the trees. There were large differences in the abundance and composition of microbiota 359 determined by molecular method and the pure-culture isolation, and there were no 360 species common to both communities. In other studies, only two species of fungi from 361 soil were common to 67 taxa culturable on agar and 51 taxa detected by PCR-RFLP of 362 ITS 1/2 rDNA (Viaud et al., 2000) . Among the microbiota detected, 21% of OTUs did not have matches in the current 479 EMBL/GenBank database at the species threshold of 97% similarity. This is likely to be 480 a consequence of poor taxon coverage in the database, even though the ITS rDNA is 481 the best-represented locus for the Mycota and the most commonly used marker in 482 studies on fungi. Novel sequences were found more often within Ascomycota (nine 483
OTUs) than Basidiomycota (two OTUs). 484
Most fungal species were recorded too infrequently to draw general conclusions 485 about their distribution. Identification by cloning and sequencing indicated, however, 486 considerable species dominance (Fig. 2) . In the situation of low community diversity in 487 Q. petraea, some specificity for the dominant C. fissolanatus was indicated. Similar 488 dominance by a single taxon was recorded in the community from roots of Q. ilex in old- Bowser, SS., Brugerolle, G., Fensome, RA., Fredericq, S., James, TY., Karpov, S., 526 Kugrens, P., Krug, J., Lane, CE., Lewis, LA., Lodge, J., Lynn, DH., Mann, DG., 527
Mccourt, RM., Mendoza, L., Moestrup, O., Mozley-Standridge, SE., Nerad, TA., 528 Shearer, CA., Smirnov, AV., Spiegel, FW., Taylor Aspergillus fumigatus Fresenius 0.8 3.
Cladosporium cladosporioides (Fresenius) G.A. de Vries 1.5 4.
Coniothyrium fuckelii Saccardo 7.1 5.
Cylindrocarpon didymum (Harting) Wollenweber 1.5 6.
Fusarium avenaceum (Fries : Fries) Saccardo 1.5 1.5 7.
Fusarium oxysporum Schlechtendal : Fries 1.5 1.0 1.9 8.
Fusarium redolens Wollenweber 0.9 9.
Fusarium sp. 
